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Abstract
Introduction We aimed to evaluate the use of time-resolved
whole-head CT angiography (4D-CTA) in patients with an
untreated arteriovenous malformation of the brain (bAVM),
as demonstrated by catheter angiography (DSA).
Methods Seventeen patients with a DSA-proven bAVM
were enrolled. These were subjected to 4D-CTA imaging
using a 320 detector row CT scanner. Using a standardized
scoring sheet, all studies were analyzed by a panel of three
readers. This panel was blind to the DSA results at the time
of reading the 4D-CTA.
Results 4D-CTA detected all bAVMs. With regard to the
Spetzler–Martin grade, 4D-CTA disagreed with DSA in
only one case, where deep venous drainage was missed.
Further discrepancies between 4D-CTA and DSA analyses
included underestimation of the nidus size in small lesions
(four cases), misinterpretation of a feeding vessel (one
case), misinterpretation of indirect feeding through pial
collaterals (three cases) and oversight of mild arterial
enlargement (two cases). 4D-CTA correctly distinguished
low-flow from high-flow lesions and detected dural/
transosseous feeding (one case), venous narrowing (one
case) and venous pouches (nine cases).
Conclusion In this series, 4D-CTA was able to detect all
bAVMs. Although some angioarchitectural details were
missed or misinterpreted when compared to DSA, 4D-CTA
evaluation was sufficiently accurate to diagnose the shunt
and classify it. Moreover, 4D-CTA adds cross-sectional
imaging and perfusion maps, helpful in treatment planning.
4D-CTA appears to be a valuable new adjunct in the non-
invasive diagnostic work-up of bAVMs and their follow-up
when managed conservatively.
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Introduction
Within the group of cranial vascular lesions, brain arterio-
venous malformations (bAVMs) represent an abnormal
communication between pial arteries supplying brain tissue
and pial veins draining brain tissue [1]. Such abnormal
communications can be as simple as to consist of a single
fistulous connection, generally denoted a pial arteriovenous
fistula, or consist of an extensive network of abnormal
intervening vessels; a so-called nidus. The latter is usually
of a compact or glomerular nature but may also be of a
more diffuse or proliferative nature [2, 3].
The imaging characteristics of bAVMs will depend on
various aspects of the lesion, such as the location, nature,
and size of the nidus, whether or not recruited arterial
feeders have increased in size to accommodate for the
fistulous flow, whether or not the resulting fistulous flow
has led to venous ectasias, whether the shunt interferes with
blood supply to the brain by means of arterial steal or
venous congestion, and whether prior bleeding has
occurred. Many of these characteristics can be noted on
planar imaging, such as computed tomography (CT) or
magnetic resonance imaging (MRI), especially in larger
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DOI 10.1007/s00234-011-0864-0lesions. However, the gold standard to demonstrate an
arteriovenous shunt, which is necessary to demonstrate
small lesions and to distinguish mimicking lesions like
proliferative angiopathy [3, 4], is catheter-based digital
subtraction angiography (DSA). DSA further helps to
identify the involved feeding arteries and draining veins
and to determine possible endovascular treatment strate-
gies [2, 5]. In addition, DSA can provide those angioarch-
itectural features that are important for treatment decision
making.
Unfortunately, DSA is relatively expensive and time-
consuming and carries a rather high incidence of silent
embolic events [6] and a small risk of transient or
permanent neurologic deterioration [7–9]. Although the
complication rate is most likely especially low in the
relatively young, and otherwise healthy, AVM patient
population, a noninvasive alternative angiographic method
is of interest. Moreover, patients with a bAVM may
undergo multiple angiographic evaluations over time. In
recent years, MRI angiography (MRA) and CT angiogra-
phy (CTA) have shown sufficient spatial resolution to
answer many clinical neurovascular questions [10–13].
However, these vessel-cast techniques lacked the temporal
resolution necessary to demonstrate an arteriovenous shunt
(i.e., early venous filling) or to visualize feeding and
draining patterns (e.g., high flow versus low flow shunts,
presence or absence of venous rerouting).
More recently, time-resolved techniques have emerged
for both MRA [14]a n dC T A[ 15, 16]. Aside from
generating cross-sectional images, these datasets enable
visualization of blood flow dynamics in cranial vessels with
the first pass of an intravenous (IV) contrast bolus. Hence,
it is conceivable that they may replace DSA in cases in
which time-resolved imaging is required. We aimed to
evaluate the advantages and disadvantages of whole head
time-resolved CTA (4D-CTA) in the clinical setting of a
consecutive series of patients with an untreated bAVM, for
whom DSA imaging was already available.
Materials and methods
Patient selection and data collection
Approval for this study was obtained from our institutional
research ethics board in November 2008, and patients were
admitted to the study between November 2008 and March
2010. Patients were included if DSA demonstrated an
untreated bAVM. Exclusion criteria were patient age of
below 18 years, current treatment for diabetes mellitus,
known allergy for iodinated contrast agents, and renal
failure (indicated by a baseline serum creatinine above
133 μmol/l).
After obtaining informed consent, 4D-CTA imaging was
performed. All DSA and 4D-CTA studies were anonymized
and a panel of three readers (authors PW, PT, and TK)
performed a consensus reading. For each patient, the panel
was blinded for the DSA results at the time of reading the
4D-CTA. Subsequently, a standardized scoring sheet was
filled out for each diagnostic study (see below). Further-
more, we documented demographic and clinical data for
each patient.
DSA examination
Diagnostic intra-arterial DSA was performed with standard
biplane fluoroscopy equipment (Infinix, Toshiba Medical
Systems, Japan; or LCL-P, GE Healthcare, UK). Since
patients were only included in the study after DSA had
demonstrated a bAVM, the angiographic protocol was not
influenced by the study. It generally consisted of bilateral
injections of the internal carotid arteries (ICA), external
carotid arteries (ECA) and at least one vertebral artery
(VA). During each injection anterior–posterior (AP) and
lateral projections were obtained at 3 fps.
4D-CTA examination
All 4D-CTA examinations were performed using an
Aquilion ONE multidetector CT scanner (Toshiba Medical
Systems, Japan), equipped with 320×0.5 mm detector rows
covering 16 cm of volume per rotation. Imaging was
performed in a manner previously described [16, 17]. In
short, intravenous infusion of 60 ml of nonionic contrast
medium, followed by 20 ml of saline, was followed by a
dynamic acquisition sequence with a gantry rotation speed
of 1 rotation per second. The dynamic acquisition sequence
consisted of one mask volume (80 kVp, 300 mAs) and 22
dynamic volumes (80 kVp, 120 mAs). After subtracting the
mask volume from the dynamic volumes, a total of 7,040
(22×320) images were stored in DICOM files. Using these
files, the standard scanner software generated time-resolved
Table 1 Distribution of presenting symptoms of the patients enrolled
in this study
Presentation n
Hemorrhage 4
Epilepsy 5
Neurologic deficit 2
Headache 1
Incidental 3
Unknown 2
Total 17
124 Neuroradiology (2012) 54:123–131Table 2 Items scored by the reading panel for each diagnostic study and results of both 4D-CTA and DSA
Item Options 4D-CTA DSA
Shunt detected (early venous filling) Yes/no 17 17
bAVM diagnosed Yes/no 17 17
Spetzler–Martin grade
b
Size (1) <3 cm 12 12
(2) 3–6c m 5 5
(3) >6 cm 0 0
Eloquence (0) Non-eloquent location 5 5
(1) Eloquent location 12 12
Drainage (0) Superficial drainage only 10
c 9
(1) Deep drainage present 7
c 8
Arterial feeding territories Anterior circulation (AC) 15 15
Posterior circulation (PC) 5
d 6
(or both) (3)
d (4)
Arterial feeders AC
Deep branches from the anterior cerebral artery 1 1
Cortical branches from the anterior cerebral artery 5
e 4
Deep branches from the middle cerebral artery 5
d 4
Cortical branches from the middle cerebral artery 10
f 11
Branches from the internal carotid artery, anterior choroidal artery
or ophthalmic system
00
PC
Branches from the vertebral artery or PICA 0 0
Branches from the basilar artery or AICA 0 0
Branches from the superior cerebellar artery 1 1
Deep branches from the posterior cerebral artery 1
d 2
Cortical branches from the posterior cerebral artery 3 3
(or any combination of these) ––
Dural artery supply Yes/no 1 1
Watershed transfer Yes/no 3
e,g 6
Arterial enlargement Yes/no 10
h 12
Flow related aneurysm(s) Yes/no 0 0
Nidus type Micro (<1 cm) or fistula/macro (>1 cm) 5/12
i 1/16
bAVM flow Low flow/high flow 6/11 6/11
Intranidal stasis of contrast Yes/no 0 0
Venous outflow obstruction Yes/no 0 0
Venous pouch(es) Yes/no 9 9
PICA posterior inferior cerebellar artery, AICA anterior inferior cerebellar artery
aIn “yes/no” items, n represents the number of patients who scored “yes”
bSince we were only interested in the diagnostic performance of each study, we excluded the Spetzler–Martin category “inoperable” (6)
c4D-CTA missed deep venous drainage in one patient
dIn one case, the posterolateral choroidal artery feeding the bAVM was mistakenly interpreted as a lenticulostriate perforator in the 4D-CTA
eIndirect feeding through leptomeningeal collaterals (watershed transfer) was erroneously interpreted as direct feeding in one case in 4D-CTA
fCortical branches of the anterior and middle cerebral artery feeding the bAVM were interpreted by 4D-CTA to be from the anterior cerebral artery only, in
one case
gWatershed transfer with hypoxemia induced nonsprouting angiogenesis was missed by 4D-CTA in three cases: these vessels were too small, interpreted as
direct feeders (see footnote “e”) or interpreted as part of the nidus (one case each)
hArterial enlargement of feeding vessel(s) was too mild too be noticed by 4D-CTA in two cases
i4D-CTA underestimated nidus size in 4 cases, interpreting them as micro (<1 cm) whereas DSA demonstrated them to be macro (>1 cm)
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at different viewing angles.
Angiographical evaluation
Both the 4D-CTA examinations and the DSA examinations
were scored with the same scoring sheet. Items to be scored
included presence or absence of a shunt, grading according
to the Spetzler–Martin grade (size, eloquence of the
location, presence of deep venous drainage) but also
additional angioarchitectural features that are routinely
reported upon in our institutions when reading out bAVM
studies on DSA. These included for the arterial aspect of
the angiographies: feeding arteries, presence of dural
supply, arterial enlargement, flow-related aneurysms and
presence of a transfer of the watershed (i.e., indirect supply
to an arterial territory via leptomeningeal collaterals).
Concerning the nidus, we evaluated the nidus type (micro
bAVM or fistula versus macro bAVM) and the flow
volume; concerning the venous aspect of the angiographies
stagnation of contrast material, venous outflow obstruction
and the presence of venous pouches were sought after.
Results
Between November 2008 and March 2010, 17 consecutive
patients with an untreated bAVM were included, 6 male and 11
female. Their mean age (±SD) was 38 (±17)years. Table 1
shows the distribution of presenting symptoms and Table 2
shows the characteristics of the bAVMs within our patient
group, according to the items in the standardized scoring sheet,
with the results of 4D-CTA and DSA analysis. Of the four
patients who presented with hemorrhage, only one was imaged
in the acute phase. There was only minor structural compro-
mise by the hematoma in this case. The other three were
imaged 4 months, 11 months, and 5 years after hemorrhage.
All 17 bAVMs were detected with 4D-CTA. With regard
to the Spetzler–Martin grade, there was disagreement in one
case, where deep drainage was not detected with 4D-CTA.
Interestingly, four of the remaining seven cases with deep
venous drainage showed this deep drainage to be indirect
from rerouting of cortical veins draining the bAVM, all of
which were correctly identified with 4D-CTA (Fig. 1).
Though there was agreement in all cases in the size
classification used in the Spetzler–Martin grade, the
subclassification of small bAVMs into micro bAVMs
(<1 cm, including pial fistulas) versus macro bAVMs
(>1 cm) was not agreed upon in all cases (Fig. 2). Five
lesions were denoted micro based on the 4D-CTA, while
DSA identified only a single fistulous micro bAVM
whereas the other four lesions were noted to be small
bAVMs with a nidus size larger than 1 cm.
With regard to arterial feeding territories (anterior and/or
posterior circulation), there was disagreement in one
patient. In this case, the posterolateral choroidal artery
feeding the bAVM was mistakenly interpreted as a
lenticulostriate perforator in the 4D-CTA (Fig. 3). Looking
at the feeding branches within the anterior and posterior
circulation, discrepancies were found in two additional
patients. One of these demonstrated indirect feeding from
the anterior cerebral artery through pial collaterals to the
middle cerebral artery territory. This was interpreted as
direct feeding in the 4D-CTA. The other showed a lesion
fed by cortical branches of the anterior and middle cerebral
Fig. 1 Example of a patient with a Spetzler–Martin grade 3 bAVM
with indirect deep venous drainage, recognized in the lateral
projection of the 4D-CTA MIP (a) and the DSA (b). Early drainage
to the superior sagittal sinus (large arrows) precedes indirect drainage
to the straight sinus (small arrow) through the Sylvian vein (large
arrowhead) and the basal vein of Rosenthal (small arrowhead).
Though this can be recognized in these images through differences in
opacification, the analysis is simplified when studying the entire time-
resolved series
126 Neuroradiology (2012) 54:123–131artery, while the 4D-CTA suggested feeding from cortical
branches of the anterior cerebral artery only.
Secondary dural and transosseous feeding of the bAVM
was only seen in one patient and was correctly detected in
the 4D-CTA (Fig. 4). Arterial enlargements, indicating
feeding vessels, were seen in 12 cases, but were too mild to
be noticed in the 4D-CTA in two of these. Indirect feeding
through enlarged leptomeningeal collaterals from one
cortical territory to another, also referred to as watershed
transfer related to hypoxemia induced nonsprouting angio-
genesis [2], could be seen in six cases, but were only
detected in the 4D-CTA of three of these (Fig. 5). In the
4D-CTA of the other three, these indirect feeders were
either too small to be noticed, interpreted as direct feeders
or interpreted as part of the nidus (one case each).
4D-CTA and DSA agreed on flow type in all cases,
judging six bAVMs to be “low flow” and 11 to be “high
flow”. Neither 4D-CTA nor DSA detected intranidal stasis
Fig. 2 Example of a patient with a small Spetzler–Martin grade 1
bAVM, superficially in the right temporal area. Based on the 4D-CTA
the nidus was scored as micro (<1 cm) whereas the DSA demonstrated
a macro nidus (>1 cm). Lateral MIP of the arterial phase of the 4D-
CTA (a) demonstrates two obvious draining veins (large arrowheads)
and one faint one (small arrowhead). The nidus, however, cannot
clearly be discerned. An axial slice at the level of the presumed nidus
in the same phase (b) suggests the nidus to be larger than suggested by
the MIP (arrows). Lateral projection of the late arterial phase of the
DSA (c) demonstrates the nidus more clearly (arrows). The rather
diffuse nature of the nidus, possibly due to disruption by the
presenting hemorrhage 4 months earlier, was thought to be the cause
of poor detection by 4D-CTA
Fig. 3 Example of a patient with a Spetzler–Martin grade 3 bAVM in
the right parietal lobe. A 4D-CTA MIP in the arterial phase (a)
suggests an enlarged lenticulostriate perforator (arrow) feeding the
deeper part of the nidus. The right ICA injection of the DSA in the
same phase and projection (b) does not confirm this feeder. The right
VA injection of the DSA in the same phase and projection (c) shows
the vessel to be the right posterolateral choroidal artery (arrow). The
false interpretation of the 4D-CTA, even when oblique MIPs were
used, is due to the non-selective opacification of all cranial arteries
with this technique
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showed significant venous stenosis in only one case (Fig. 6)
and both agreed on venous pouches being present in nine
patients. Venous obstruction, i.e., occlusion of a dural sinus
or internal jugular vein, was not detected in any patient.
Discussion
We aimed to offer an evaluation of the performance of
time-resolved CTA in the diagnostic work-up of untreated
bAVMs and recognize its potential capabilities and pitfalls
in the evaluation of angioarchitectural details deemed to be
important for the possible treatment strategies.
To date, the major drawbacks of non-invasive time-
resolved vascular imaging are the inferior spatial and
temporal resolution compared to DSA. With time-resolved
MRA (trMRA), there is a trade-off between spatial
resolution and temporal resolution [18]. With 4D-CTA,
temporal and spatial resolution are independent parameters;
but there is a trade-off between temporal resolution,
signal-to-noise ratio and radiation dose. For the 4D-CTA
protocol used in this study, radiation dose was 5.2 mSv
or less [16]. With further refinements of imaging
parameters or acceptance of dose increase, 4D-CTA
results may improve further. Even with current protocols,
however, a combination of 1 s image intervals and 0.5 mm
isotropic voxel size renders 4D-CTA superior to current
trMRA.
A comparison of radiation dose between 4D-CTA and
DSA is not easy, since the radiation dose received during
DSA is highly variable. It depends on the fluoroscopy time
per vessel studied, the number of vessels studied, fluoro-
scopic parameters, type of fluoroscopic equipment, and so
forth. We calculated the radiation dose of four typical
cerebral DSAs, performed at our center. These varied
between 7.89 and 9.12 mSv. The calculations were based
on Monte Carlo simulations by using the dose-area product
values and beam geometry information. Ninety-five percent
of this dose was estimated to have been delivered to the
cranium, with minor exposure of the thorax, abdomen, and
pelvis.
The present comparison with DSA demonstrated that
early venous filling was recognized by 4D-CTA in all
cases, independent of nidus size. In addition, the correct
distinction between the type of feeding artery (dural versus
pial arteries) could be made. Although the present series did
not include other shunting lesions (such as dural AV
fistulae) or normal controls, the correct identification of
these two features, suggests that 4D-CTA can correctly
identify the type of shunting lesion in most instances.
However, the drawbacks of 4D-CTA came into play
when evaluating the angioarchitecture of each lesion in
finer detail, as has also been shown in other types of
arteriovenous shunting lesions [19]. Not only did such
detailed evaluation suffer from impaired spatial resolution,
temporal resolution and signal-to-noise ratio, but also
from non-selectivity of the vessel opacification. This non-
selectivity eliminates the ability to isolate certain vessels
and leads to a “crowded” appearance of the vasculature.
As a consequence, it is more difficult to determine the
nature of certain vessels and their relationship to the lesion
at hand.
In the present series, these characteristics of 4D-CTA led
to misinterpretation of a feeding vessel (one case),
misinterpretation of indirect feeding through pial collaterals
(three cases), oversight of mild arterial enlargement (two
cases) and oversight of deep venous drainage (one case).
Fig. 4 Images of the only patient in our series with secondary dural
and transosseous feeding of a bAVM. The lateral MIP of the 4D-CTA
in early arterial phase (a) clearly shows an enlarged occipital artery
(large arrowhead) running up to the lesion, as well as smaller
posterior meningeal branches (small arrowhead) from the ipsilateral
VA (arrow). Differentiation of a purely dural AV shunt is possible,
however, due to depiction of the enlarged posterior cerebral artery
feeding an intraparenchymal nidus. The lateral projection of the ECA
injection (b) proves the ECA contribution, by opacification of the
bAVM and early opacification of the draining vein (arrow)
128 Neuroradiology (2012) 54:123–131Furthermore, 4D-CTA interpreted four bAVMs to be
smaller than the estimation based on DSA (<1 cm rather
than >1 cm). However, large inter-observer discrepancies
in nidus delineation are known to occur with DSA as
well [20].
We believe evaluation of the cross-sectional 4D-CTA
(source) images is essential when reading 4D-CTA data,
since these images may contain information which has been
lost in subsequent 3D reconstructions. 4D-CTA cross-
sectional images may also be analyzed in a time-resolved
fashion and may be helpful to recognize the nidus (Fig. 2)
and distinguish it from surrounding feeders (Fig. 5).
Moreover, they can be used to observe structural changes
not directly visible in the MIPs or in DSA imaging, such as
hydrocephalus or a hematoma, and may aid surgical
planning. Other additional image sets that can be recon-
structed from the same dynamic imaging sequence are
perfusion maps [17], which may be used to assess the
microcirculation of tissues surrounding the bAVM. This
microcirculation may be impaired by vascular steal phe-
nomena or venous hypertension, which may impact on
planning and risk estimation of bAVM treatment [21, 22].
Although the capabilities of 4D-CTA in the assessment
of bAVMs appear promising, we feel caution is appropriate
when attempting to change present imaging paradigms.
Firstly, no conclusion can be drawn with regard to flow
related arterial aneurysms or intranidal (pseudo-) aneur-
ysms, which may represent a target for endovascular
treatment after intracranial hemorrhage [2, 5], since neither
were present in this series. Secondly, in our previous study
regarding dural arteriovenous fistulas [19], a single lesion
was missed due to its slow flow and the crowded
appearance of the 4D-CTA. It is conceivable that such
errors may also occur when analyzing bAVMs, especially
when small lesions with a low shunt volume are present.
This question can only be answered by an unselected
patient cohort in a prospective study that includes
patients in whom a DSA is deemed necessary to rule
out a shunting lesion so as to include patients with
different types of pathology. Until such a study is
published, we suggest to use 4D-CTA only as either a
screening tool in the work-up of suspected patients,
followed by DSA whenever negative, or as a follow-up
tool when a lesion has been demonstrated previously and
is managed conservatively.
Conclusion
In this series of bAVM patients, 4D-CTA was able to
detect all lesions. Although some angioarchitectural
details were missed or misinterpreted when compared to
DSA, 4D-CTA evaluation would have been sufficiently
accurate to diagnose the shunt and classify it. We believe
treatment planning may benefit from the accompanying
availability of cross-sectional imaging in different planes
Fig. 5 Example of a patient with a Spetzler–Martin grade 3 bAVM
(same case as Fig. 1) illustrating superiority of DSA over 4D-CTA to
demonstrate indirect feeding of a bAVM, i.e., watershed transfer. The
AP MIP of the 4D-CTA (a) depicts a right frontal bAVM (arrow), fed
by branches from the middle cerebral artery (arrowhead). Axial
images from the 4D-CTA in early venous phase (b) at the level of the
nidus (upper image) and above the level of the nidus (lower image)
allow identification of the compact nidus (arrow) and feeding vessels
(arrowheads), but identification of indirect feeders remains challeng-
ing. AP DSA images after injection of the right ICA (c) and left ICA
(d) clearly aid this discrimination by demonstrating recruitment of
leptomeningeal anastomoses (arrow) which have developed to enhance
pial collateral supply from the anterior to the middle cerebral artery
Neuroradiology (2012) 54:123–131 129and perfusion maps, which can be calculated from the
presented data set. Although these results await valida-
tion in a prospective unselected patient cohort, 4D-CTA
seems to be a valuable new adjunct in the non-invasive
diagnostic work-up and follow-up of bAVM patients.
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